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Specification of the proximal–distal (PD) axis of insect appendages is best understood in Drosophila melanogaster, where conserved
signaling molecules encoded by the genes decapentaplegic (dpp) and wingless (wg) play key roles. However, the development of
appendages from imaginal discs as in Drosophila is a derived state, while more basal insects produce appendages from embryonic limb
buds. Therefore, the universality of the Drosophila limb PD axis specification mechanism has been debated since dpp expression in more
basal insect species differs dramatically from Drosophila. Here, we test the function of Wnt signaling in the development of the milkweed
bug Oncopeltus fasciatus, a species with the basal state of appendage development from limb buds. RNA interference of wg and pangolin
(pan) produce defects in the germband and eyes, but not in the appendages. Distal-less and dachshund, two genes regulated by Wg
signaling in Drosophila and expressed in specific PD domains along the limbs of both species, are expressed normally in the limbs of
pan-depleted Oncopeltus embryos. Despite these apparently paradoxical results, Armadillo protein, the transducer of Wnt signaling, does
not accumulate properly in the nuclei of cells in the legs of pan-depleted embryos. In contrast, engrailed RNAi in Oncopeltus produces
cuticular and appendage defects similar to Drosophila. Therefore, our data suggest that Wg signaling is functionally conserved in the
development of the germband, while it is not essential in the specification of the limb PD axis in Oncopeltus and perhaps basal insects.
D 2005 Elsevier Inc. All rights reserved.Keywords: Oncopeltus; Milkweed bug; Hemiptera; Wingless; Pangolin; Decapentaplegic; Engrailed; RNA interference; Appendage patterningIntroduction
Appendages are present in several of the most successful
animal groups, and they are a defining feature of the
arthropods. Much of our understanding of appendage
development has been taken from the foremost model
arthropod, the fruit fly Drosophila melanogaster (Diptera).
However, the universality of Drosophila appendage-pattern-
ing mechanisms is questionable, particularly given the
derived nature of limb development from imaginal discs in0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.04.034
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3043, USA.Drosophila. Imaginal discs are epithelial sheets of cells set-
aside during embryogenesis but patterned during larval
development. These structures are unique to the Holometa-
bola, but appendage development from imaginal discs is not
universal among this group. In Coleoptera, Trichoptera,
Neuroptera, and Lepidoptera, only some adult appendage
types develop from imaginal discs (Svacha, 1992), while the
phenomenon is most pronounced in the cyclorhaphous
Diptera, where all adult appendages are produced from
imaginal discs. In contrast, limb development in most insect
orders proceeds directly from three-dimensional embryonic
limb buds. Given these differences of topology, potential
differences in the specification of the limb proximal–distal
(PD) axis are possible.
In Drosophila, the adult appendages develop from
imaginal discs during the larval stages. The discs are sheets283 (2005) 409 – 423
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region of the limb telescopes out during pupal development
to yield the mature appendages. However, larval patterning
of the disc occurs in an essentially two-dimensional sheet of
cells.
The specification of the limb PD axis is best understood
in the leg disc, where it is defined by the overlap of
signaling molecules encoded by the genes decapentaplegic
(dpp) and wingless (wg). In the embryo, wg is required for
the formation of the imaginal disc primordia (Kubota et al.,
2003; Simcox et al., 1989). Removal of wg activity during
this period eliminates the appendages and other imaginal
disc derivatives (Cohen et al., 1993). In the imaginal leg
disc, dpp and wg are expressed in stripes along the
anterior–posterior (AP) compartment boundary on the
dorsal and ventral sides, respectively (Baker, 1988a;
Masucci et al., 1990), in response to activation by hedgehog
signaling from the posterior compartment (Diaz-Benjumea
et al., 1994). wg encodes a secreted Wnt signaling molecule
(Rijsewijk et al., 1987) that also acts as a segment polarity
gene in the germband (Ingham and Martinez-Arı´as, 1992).
Similarly, dpp encodes a signaling molecule of the TGF-h
protein family (Padgett et al., 1987), which also acts to
establish the dorsal–ventral (DV) body axis (Irish and
Gelbart, 1987). The imaginal leg disc is an essentially two-
dimensional structure in which these signaling pathways
interact. In this context, Dpp and Wg signaling mutually
inhibit one another’s expression to define dorsal and ventral
territories of the disc, respectively (Theisen et al., 1996).
Because of the two-dimensional character of the imaginal
disc, Wg and Dpp ligands overlap in a graded manner only
at its center. There, they cooperatively activate distal
appendage-patterning genes, such as Distal-less (Dll) and
dachshund (dac), while repressing proximal genes such as
homothorax (hth) (Abu-Shaar and Mann, 1998; Diaz-
Benjumea et al., 1994; Lecuit and Cohen, 1997). In this
way, wg and dpp cooperate to specify the first distinct
domains along the limb PD axis.
In contrast to Drosophila, most other arthropods produce
appendages directly from embryonic limb buds. A consis-
tent and interesting theme has emerged from studies
reporting the expression patterns of appendage-patterning
orthologues in non-model species. Generally, the expression
of PD domain genes, such as Dll and dac, is well conserved,
in discrete regions of the legs (Abzhanov and Kaufman,
2000; Angelini and Kaufman, 2004; Prpic and Tautz, 2003;
Prpic et al., 2003). Similarly, the expression of wg
orthologues appears conserved. In the red flour beetle
Triboliumcastaneum (Nagy and Carroll, 1994), the cricket
Gryllus bimaculatus (Miyawaki et al., 2004), and the spider
Cupiennius salei (Prpic et al., 2003), wg expression extends
in stripes along the parasegmental compartment boundaries
into the limb buds to their distal tips. However, dpp
orthologues examined in other arthropods show a pattern
that is unlike Drosophila but fairly consistent among the
diverse species examined. In species, such as Tribolium(Sanchez-Salazar et al., 1996), the grasshopper Schistocerca
americana (Jockusch et al., 2000), and Cupiennius (Prpic et
al., 2003), early dpp expression appears throughout the limb
buds. As the limb buds elongate, rings of expression are
formed at or just proximal of the distal tip. Later, additional
weaker rings of expression appear at different PD levels
along the legs of Schistocerca and Cupiennius.
The differences in dpp expression between Drosophila
and other arthropods are striking and imply perhaps differ-
ent modes of action in the specification of the limb PD axis
for Drosophila as compared to more basal insects. However,
a model has recently been proposed by Prpic et al. (2003),
based on comparative data and mathematical models of the
Drosophila imaginal leg disc (Almirantis and Papageorgiou,
1999). These authors have noted that because Wg and Dpp
cooperate to active distal targets, it is crucial that these
ligands remain spatially separated in areas fated to become
proximal, where Wg and Dpp proteins should not co-occur.
Since dpp and wg are expressed in separate DV territories of
the anterior compartment of the Drosophila imaginal disc,
the ligands cannot diffuse to all proximal areas of the disc,
only those in their respective territory. Therefore, stripes of
wg and dpp expression along the compartment boundary in
different DV territories allow them to cooperatively activate
distal target genes only in the central region of the disc.
However, in a three-dimensional limb bud, the dorsal and
ventral sides of the proximal limb bud are close enough
spatially that the same pattern of wg and dpp stripes would
activate distal target genes over too great a length of the
limb bud. This model rationalizes the pattern of distal dpp
rings in basal insects based on topology. If dpp is expressed
distally, Wg and Dpp should only overlap in a distal area,
and their combined concentration is thought to diminish
proximally. Therefore, it is assumed that primitive insects
share the same regulatory network architecture as Droso-
phila, in which overlap of Wg and Dpp ligands activates
target genes, while inhibiting genes responsible for proximal
limb fate.
The topology model, as we shall refer to it, is based on two
assumptions: 1 The expression of wg and dpp in the limb
buds of basal insects should be critical to the proper
development of appendages in these species. 2. The genetic
pathway of the Drosophila limb PD axis specification
mechanism is conserved. That is, in basal insects, as in
Drosophila, Wg and Dpp signaling should cooperate to
activate distal targets, such as Dll and dac, while repressing
proximal domain genes. Therefore, the topology model leads
to at least two testable hypotheses: 1. Perturbations of Wg
signaling in basal insects should produce appendage pheno-
types similar to those seen in Drosophila. 2. The proper
expression of genes, such as Dll and dac, along the limb PD
axis of basal insects should require Wg and Dpp signaling.
Here, we test these hypotheses through functional
analysis in a hemimetabolous insect, Oncopeltus fasciatus
(Hemiptera). Oncopeltus is a member of the sister taxon to
the Holometabola and therefore provides an important
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hemi- and holometabolous insects. Functional analysis of
gene activity is possible in Oncopeltus using RNA
inference. We present RNAi data for dpp and wg, as well
as pangolin (pan), the transducer of canonical Wnt signal-
ing (Brunner et al., 1997). Because Wnt signaling also acts
in development of the germband and segment polarity, we
have also analyzed RNAi of engrailed (en). Engrailed
protein correlates with the anterior parasegmental compart-
ment in Oncopeltus (Campbell and Caveney, 1989; Law-
rence and Wright, 1981), as in Drosophila, where it interacts
with wg in germband segmentation (Ingham and Martinez-
Arı´as, 1992). Our results suggest that limb PD axis
specification in Oncopeltus does not depend on the action
of Wg signaling. Therefore, we must question the universal-
ity of the topological model of appendage development.
However, we also note that Oncopeltus Wg signaling is
conserved in its roles in segment polarity and eye develop-
ment, as understood from Drosophila.Materials and methods
Insect husbandry and embryology
Large milkweed bugs, O. fasciatus (Dallas), were
cultured as described previously (Hughes and Kaufman,
2000). Embryos were raised at 25-C for all experiments.
At this temperature, embryos hatch after 8 days of
development. The germband becomes apparent by approx-
imately 44 h of embryogenesis. In the early Oncopeltus
germband, the segmental and parasegmental compartments
are visible as large (posterior parasegmental) and small
(anterior parasegmental) hemisegments. This structure wasTable 1
Phenotypic effects of RNA interference
dsRNA Mode Wild type Specific phenotype
Total Class I Class II Cla
dpp Maternal – 100%
en Zygotic 38% 38% 25% 8% 6%
wg Zygotic 16% 18%
Maternal 93% –
Total 60% 8%
pan Zygotic 9% 14% 3% 6% 5%
Maternal – 57% 5% 50% 2%
Total 1% 52% 5% 45% 2%
control Zygotica 38% –
Maternalb 93% –
Total 79% –
Listed here are the percentages of individuals displaying various morphologies as a
modes. Specific phenotypic effects are divided into classes of severity, where usefu
of the total number of embryos displaying a phenotype for that gene and injection
individual methods. The total number of embryos scored for each dsRNA sequen
control experiments are listed here for comparison.
a We have previously reported phenotypic percentages for zygotic injection contr
The later controls were preformed in conjunction with the experiments of this pr
b Percentages for phenotypes of maternal control injections have also previouslused to determine the register of segmentally reiterated
gene expression patterns.
Sytox staining
Early blastoderm stage embryos were examined after
treatment with the fluorescent DNA stain Sytox (Molecular
Probes). Embryos were dechorionated and fixed as pre-
viously described (Liu and Kaufman, 2004b) then equili-
brated in 1 mM EDTA, 0.1% Tween-20 in 10 mM Tris
buffer, pH 8.0 (TEw). Embryos were stained in a 1:3000
solution of Sytox in TEw for 30 min with gentle rocking.
They were finally de-stained in TEw for at least 30 min.
Immunohistochemistry
Localization of Armadillo (Arm) protein in Oncopeltus
embryos was determined using the N2 7A1 anti-Arm
antibody (Developmental Studies Hybridoma Bank).
Embryos were washed in PBS with 0.1% Triton X-100
(PBTx) three times then rocked in 0.2% BSA, PBTx for 30
min. This was followed by 1 h pre-incubation in a blocking
agent consisting of 0.2% BSA and 5% normal serum in
PBTx. Antibody was added to blocking agent and incubated
with embryos for approximately 32 h at 4-C in 5% DMSO
and 150 Ag/ml RNase (Qiagen). Excess antibody was
removed in three washes of 0.2% BSA, PBTx. Embryos
were then soaked in 0.2% BSA, PBTx twice for 20 min,
then washed again twice in 0.2% BSA, PBTx. Embryos
were then pre-incubated in blocking agent for 30 min. The
secondary FITC-labeled anti-mouse antibody (Jackson
Labs) was incubated overnight at 4-C, with 0.1% TOTO-3
(Molecular Probes, Inc.) to counter-stain DNA. Excess label
was removed in three washes in 0.2% BSA, PBTx, and threeGermband not formed Pleiotropic defects Total number
ss III
100% – 123
19% 4% 612
49% 16% 97
2% 4% 123
23% 10% 220
49% 29% 80
43% – 596
43% 3% 676
46% 16% 518
6% 1% 1437
17% 3% 1955
result of dsRNA sequences introduced through zygotic or maternal injection
l, and described in the text. Percentages for phenotypic classes are given out
method. Totals for both dsRNA delivery methods are listed below those of
ce and injection method is given in the righthand column. Percentages of
ols (Angelini et al., submitted for publication; Hughes and Kaufman, 2000).
esent study.
y appeared (Angelini and Kaufman, 2004).
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with 0.2 M N-propylgallate. Imaging was carried out on a
Leica DMR confocal microscope.
Isolation of orthologous genes
RNA extraction and cDNA synthesis were used to
prepare Oncopeltus transcripts for degenerate PCR and
RACE, as described previously (Angelini and Kaufman,
2004). Degenerate primers were designed for conserved
regions of each gene, and the orthology of cloned sequenced
fragments was determined using NCBI BLAST. In this
manner, gene fragments of suitable size for in situ hybrid-
ization and RNAi were obtained for Of _dpp and Of _pan.
Additional Of _wg sequence was isolated through 3V RACE.
Primer sequences are available on request. Sequence data
have been submitted to GenBank (AY899334–AY899336).
In situ hybridization
Embryo collection, fixation, and in situ hybridization
were performed as previously reported (Liu and Kaufman,
2004b). Antisense RNA probes were synthesized with
digoxigenin-labeled uracil. Hybridization to complementaryFig. 1. Unrooted neighbor-joining best trees produced using MacVector 7.2. Sequ
were distributed proportionally. Arrows indicate the position of Oncopeltus ortholo
insects, to the exclusion of other members of each gene family. For Wg/Wnt o
(AY899335) and amino acids 390–468 of Drosophila Wg (AAA28647). GenBank
Drosophila Wnt3 (CAA46002); mouse Wnt9b (O35468); C. elegans Wnt2 (P
(AAB08087); mouse Wnt16 (Q9QYS1); Thermobia Wg (AF214035); Gryllus Wg
mouse Wnt7b (AAH58398); Drosophila Wnt2 (S24559); mouse Wnt5a (AAH184
orthologues the aligned area corresponds to the entire fragment of Of_Pan (AY8
accession numbers of other HMG-box protein sequences: Drosophila Castor (
Drosophila SoxNeuro (CAB64386); Drosophila Sox21b (NP_648695); Drosoph
Bobbysox (NP_728420); Hydra vulgaris TCF (AAG13664); Gallus gallus TCF
(NP_610032); Drosophila Maelstrom (AAB97831); Drosophila Tramtrak (N
(NP_726612). For Dpp/TGFh orthologues, the aligned area corresponds to the ent
Dpp (P07713). GenBank accession numbers of other Dpp/TGFh sequences: hum
TGFh2 (NP_003229); human TGFh1 (NP_000651); human TGFh3 (NP_003230
Tig-2 (NP_504271); Drosophila Gbb (AAA28307); Drosophila Scw (AAA56872
(BAC24087); Cupiennius Dpp (CAD57730); Tribolium Dpp (Q26974); C. elegatranscripts was detected with an anti-digoxigenin, alkaline
phosphatase-conjugated antibody Fab-fragments (Roche),
and the chromagens 5-bromo-4-chloro-3-indolyl-phosphate
(BCIP; Boerhringer) and nitro-blue-tetrazolium chloride
(NBT; Boerhringer). Stained embryos were mounted in
Aqua Poly/Mount (Polysciences, Inc.) for imaging.
RNA interference
RNA interference was performed by injecting double-
stranded RNA into newly oviposited embryos (zygotic
RNAi) or into females (maternal RNAi) as previously
described (Angelini and Kaufman, 2004; Hughes and
Kaufman, 2000; Liu and Kaufman, 2004a). Both zygotic
and parental injections produced similar phenotypes. Table
1 lists the proportions of scored individuals exhibiting
various phenotypes for each gene and injection mode.
Microscopy and imaging
Photomicrographs of Sytox-stained blastoderm stage
embryos, hatchlings, and 7- to 8-day embryos were taken
with a Nikon DXM1200 digital camera on a Nikon
SMZ1500 dissecting microscope equipped with a mercuryences were aligned by ClustalW. Distance was Poisson-corrected, and gaps
gues. Which consistently group with orthologues from Drosophila and other
rthologues, the aligned area corresponds to the entire fragment of Of_Wg
accession numbers of other Wg/Wnt sequences: C. elegans Wnt1 (P34888);
34889); mouse Wnt4 (P22724); mouse Wnt6 (P22727); mouse Wnt10b
(BAB19660); Tribolium Wg (AAB29938); Schistocerca Wg (AAD37798);
25); mouse Wnt2b (O70283); Drosophila Wnt4 (AAN04479). For Pan/TCF
99336) and amino acids 287–373 of Drosophila Pan (P91943). GenBank
JH0797); Drosophila Sox15 (CAB63944); Drosophila Sox14 (P40656);
ila Diachete (NP_524066); Drosophila Cipicua (NP_524992); Drosophila
4 (BAA92881); Ciona savignyi TCF (BAB68354); Drosophila CG10949
P_733446); Drosophila CG10399 (NP_609089); Drosophila Sox102F
ire Of_Dpp fragment (AY899334) and amino acids 510–581 of Drosophila
an Inhibin-hA (NP_002183); Drosophila Maverick (AAF99658); human
); C. elegans Dbl-1 (NP_504709); C. elegans Cet-1 (T43286); C. elegans
); human BMP2 (P12643); human BMP4 (BAA06410); Achaearanea Dpp
ns Daf-1 (NP_497265); human Inhibin-hC (NP_005529).
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scope. Younger germband embryos were photographed
using a Nikon DXM12000 digital camera on a Zeiss
Axiophot microscope. Scanning electron micrographs were
produced using a Jeol JSM-5800LV electron microscope.Results
Orthologous gene sequences
Oncopeltus orthologues of wg, pan and dpp were cloned
from embryonic cDNA using standard methods. No
duplicates or transcriptional isoforms of any of the genes
analyzed here were obtained. The orthology of clones was
initially determined using NCBI BLAST. However, because
these genes are members of large gene families, we verified
individual orthologies through the construction of gene
phylogenies. For each gene family (Wnt, HMG-box, and
TGF-h), orthologous sequences from mammalian and insect
model species were aligned with fragments from Oncopel-
tus using ClustalW. The corresponding region of each
sequence was used to produce a neighbor-joining tree (Figs.
1A–C). Oncopeltus clones were most closely related to
Drosophila wg, pan, and dpp, and orthologues of these
genes from other species formed clades exclusive of other
family members. These clades were still recovered with
bootstrap values up to 10,000 (not shown). Therefore, we
feel confident in these assignments of orthology.Fig. 2. Expression of dpp in Oncopeltus. (A) Dorsal view of a 40 h blastoderm sta
invagination. (B) Posterior view of a similar embryo. (C) dpp is expressed in s
parasegment boundary. (D) In a 62 h embryo, dpp expression is strongest in the l
similar embryo in close-up, showing that dpp is expressed differently in specific ap
expressed extensively in the presumptive nervous system and appears in a series o
antennal segment; Mn, mandibular segment; Mx, maxillary segment; Lb, labial seExpression of Oncopeltus dpp
In Oncopeltus, the expression of dpp is highly
dynamic. Before germband invagination, at 40 h, dpp is
expressed in an area of the egg posterior (Figs. 2A–B),
where invagination will occur (Butt, 1949). In the early
germband, dpp is expressed in segmentally reiterated
stripes, anterior of the parasegment boundary (Fig. 2C).
Later, expression at the parasegment boundary disappears,
and as limb buds appear, dpp is expressed throughout the
appendages (Fig. 2D). By 72 h, this expression resolves
into a narrow ring near the distal tip of the legs (Fig.
2E). However, dpp persists throughout the gnathal
appendages. In the antennae, expression is strongest in
the distal-most podomere. At 95 h, multiple weak rings
of dpp expression can be seen in several places along the
PD axis of the legs and labial appendages (Figs. 2F–G),
although this does not seem to correlate with the position
of joints. Expression in the antennae is reduced at this
stage and forms a ring near the base of the distal
podomere.
This pattern in the limbs differs significantly from the
dorsal stripe of expression seen in Drosophila leg imaginal
discs. However, similar patterns have been reported for
other arthropods. For the grasshopper S. americana
(Jockusch et al., 2000) and the spider C. salei (Prpic et
al., 2003), dpp expression has also been shown to appear in
a series of rings late in leg development, around the stages
when joints become discernible.ge embryo. dpp is expressed along the dorsal edge of the site of germband
egmental stripes in a 48 h germband embryo on the anterior side of the
imb buds and ocular segment. (E) dpp expression in a 72 h embryo. (F) A
pendage types. In the legs, it is restricted to distal rings. (G) By 96 h, dpp is
f rings in the appendages (arrows). Abbreviations: Oc, ocular segment; An,
gment; T1–3, thoracic segments 1–3; A1–11, abdominal segments 1–11.
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To examine the function of Dpp signaling in Oncopeltus,
we depleted dpp activity through RNA interference. This
experiment yielded embryos that failed to produce a
germband. At the posterior of the egg, cells normally
condense and invaginate to form the germband around 40 h
of development (Fig. 3A; Butt, 1949). However, in dpp-
depleted embryos, these cells condense but do not invagi-
nate (Figs. 3B–C). Later embryonic processes fail to
initiate. This phenotype suggests a requirement for Dpp
function in germband invagination, but it is not informative
regarding the development of appendages. Therefore, we
will not consider dpp function further in this study.
engrailed RNAi disrupts body segment boundaries and
causes appendage deformities and bifurcation
In addition to its function in specifying the limb PD axes,
wg is also required early in a feed-forward loop with enFig. 3. Of_dpp RNAi prevents germband invagination. Sytox-stained
embryos are shown with the anterior of the egg to the left. (A) Germband
invagination takes place at the posterior of the egg in wild type, as shown in
this 48 h embryo. (B) Embryos depleted for dpp do not progress beyond
this stage even at 192 h (8 days) when embryos normally hatch. Here, cells
have condensed at the posterior but failed to invaginate. (C) An embryo in
which an apparent attempt at invagination has extended around the embryo,
pinching off the posterior region.(Ingham and Martinez-Arı´as, 1992), which helps to estab-
lish the parasegmental boundary. Specifically, wg and en
activity are required at the anterior and posterior sides of the
border, respectively, for establishment of parasegmental
boundaries. However, at later stages, including during
imaginal disc patterning, wg and en function independently
(Bejsovec and Martinez Arias, 1991). In the imaginal leg
disc, en expression extends in a band that runs along the
posterior side of the AP compartment boundary crossing
both the ventral and dorsal territories. Transplantation
experiments have suggested a similar role for en in
establishment of the parasegment boundary in Oncopeltus
(Campbell and Caveney, 1989), and its expression in the
limbs resembles that of Drosophila (Rogers and Kaufman,
1997). In order to help distinguish wg phenotypes related to
segmentation from those related to limb PD axis specifica-
tion, we first examined the role of engrailed (en) in these
processes. As noted, the expression pattern of Of_en has
been reported in the limbs where it accumulates throughout
the ectoderm of the posterior segmental compartment on the
posterior side of the parasegmental boundary (Campbell and
Caveney, 1989; Liu and Kaufman, 2004a; Rogers and
Kaufman, 1996). Perturbations of en in Drosophila imag-
inal discs can cause mirror-image axis duplications and
bifurcations (Tabata et al., 1995), similar to perturbations of
Wg signaling (Jiang and Struhl, 1996; Johnston and
Schubiger, 1996). Therefore, a hypothesis of functional
conservation of both wg and en would predict that
disruption of either gene should cause one or more of the
following phenotypes: 1. Lack of wg activity should prevent
the formation of appendage primordia, resulting in embryos
lacking limbs. 2. en-depleted limbs may have AP axis
defects because of a requirement for en in maintaining the
posterior compartment. It is also possible that en activation
of wg in Oncopeltus may persist in later stages; in which
case, RNAi of either gene may also produce DV axis
defects, such as paraxial outgrowth or mirror-image
duplication. 3. wg RNAi should cause defects in differ-
entiation along the PD limb axis. This could also be true of
en RNAi, if the en–wg interaction were maintained at later
stages.
RNA interference of Oncopeltus en caused defects in
body segmentation and appendage development. Affected
embryos were organized into three phenotypic classes,
based on the degree of segmentation defects (Table 1).
Mild class I individuals exhibited some poorly demarcated
boundaries between abdominal tergites (Fig. 4F), which
progressed into stronger class II defects in which thoracic
and abdominal tergites were fused and poorly demarcated
(Fig. 4G). In severe class III individuals, thoracic and
abdominal body segments are not distinguishable (Fig. 4H).
The abdomen is also reduced, suggesting that the develop-
ment of germband segments from the growth zone may also
be disrupted.
Interestingly, appendages in all en-depleted phenotypic
classes bear similar defects. Antennae are severely deformed
Fig. 4. Of_en RNAi causes defects in appendage development, segmentation, and dorsal closure. Wild type 8-day Oncopeltus embryos are shown just prior to
hatching in (A) lateral and (B) dorsal aspects. (C) A wild type antenna from an embryo of this stage, which consists of four podomeres. (D) The labium is
normally formed by the fusion of left and right embryonic appendages and becomes divided into four podomeres. (E) A wild type leg, distinct podomeres. (F)
Lateral view of a mild class I en-depleted embryo. Note the curling of the legs (arrows) and the severely deformed labial appendage (arrowhead). (G) Dorsal
view of a moderate class II embryo, showing a lack of distinguishable segment boundaries in the abdomen. (H) A severe class III en-depleted individual in
lateral view. Notice that abdominal segments are reduced and extensively fused. All appendages are still present and bear similar defects in all classes. (I) The
antenna of a class III en-depleted individual is severely deformed and missing two podomeres. (J) The labium from a similar embryo is severely deformed, such
that individual podomeres cannot be identified. (K) Legs of en-depleted individuals are reduced, particularly in the tibia and more distal podomeres. The femur
is partially bifurcated in the anterior direction (arrowhead), and the pretarsal claw is poorly formed. Abbreviations: cx, coxa; F1–F2, flagella I– II; fe, femur;
L1–L4, labial podomeres 1–4 Pd, pedicel; pt, pretarsal claw; Sc, scape; t1– t2, tarsus 1–2; ti, tibia; tr, trochanter.
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meres (Fig. 4I). These do not extend straight away from the
head as do the normal antennae, and the second distal
podomere joins the first close to its proximal joint with the
head. This suggests defects in the PD axis and possibly also
in the AP or DV axes. (It was not possible to determine the
axes of orientation.) The feeding stylets, the appendicular
derivatives of the mandibular and maxillary segments, could
not be found in dissections of affected individuals (not
shown). The labium appeared to be the most sensitive
structure to en RNAi, showing distal defects in individuals
without obvious germband defects (not shown). In most en-
depleted embryos, the labium was reduced to a two-
segmented structure (Fig. 4F, arrowhead; J). The matureOncopeltus labium is formed by the mid-ventral fusion of
separate left and right embryonic labial appendages. These
appendages often failed to fuse in en RNAi. The legs of en-
depleted embryos are deformed and swollen at the femur
(Fig. 4F, arrows; K). This swelling is consistently found on
the anterior side of the legs, and this may represent an
incipient bifurcation of the limb axis (Fig. 4K, arrowhead).
Legs are also reduced in size, particularly in the length of
the tibia and more distal podomeres.
Expression of wingless
In Oncopeltus, we first examined wg expression in the
blastoderm at 40 h. At this stage, wg is strongly expressed
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(Figs. 5A–B). This is the presumptive site of germband
invagination (Butt, 1949), and this expression persists later
in the growth zone of the germband (Fig. 5D). Weak
expression extends from the edges of this crescent domain
laterally along the sides of the egg and ends at
approximately 15% egg length (EL) in an area of slightly
greater intensity (Fig. 5B). Two circumferential bands of
weak expression can also be observed at approximately 30
and 55% EL (Figs. 5A–C). It is not clear what functional
significance these domains may have nor whether they
share homology to wg expression domains known from
any other arthropods.
In the germband, Oncopeltus wg is expressed in
segmentally iterated stripes. At 48 h, the germband has
formed and consists of 6 segments. At this stage, wg
expression can be seen in segmental stripes (Fig. 5D). This
is similar to expression of wg in the embryo of Drosophila
(Baker, 1988b). Of_wg expression is slightly anterior of cells
known to express engrailed (Liu and Kaufman, 2004a;
Rogers and Kaufman, 1997), although it is unclear whether
expression of wg and en is mutually exclusive, as in the
Drosophila germband (Ingham and Martinez-Arı´as, 1992).
As noted, a separate domain of expression is seen in theFig. 5. Expression of Of_wg. (A–C) Of_wg expression in a 40 h blastoderm stage e
of germband invagination. (D) Expression in a 48 h germband embryo appears in
appendages in a ventral stripe. At this stage, signal becomes weaker in the lateral re
Of_wg, showing antennal, mandibular, maxillary, labial, and first thoracic appen
ocular segment; An, antennal segment; Mn, mandibular segment; Mx, maxilla
abdominal segments 1–11.growth zone of Oncopeltus, which persists throughout
germband elongation.
After all body segments have been formed by 72 h, wg
stripes fail to cross the ventral midline, except in the
terminal segments: the ocular and A11 abdominal segment
(Fig. 5E). Expression in appendage-bearing segments
extends into the limbs (Fig. 5F). This pattern may be
homologous to that seen for wg expression in Drosophila
leg imaginal discs (Baker, 1988b; Campbell et al., 1993).
By 96 h of development, wg expression persists in the
appendages and A11 but becomes less intense in other
abdominal segments, where it is restricted to shortened
stripes near the ventral midline, but interrupted at the
midline itself (Fig. 5G). In the mandibular and maxillary
appendages of Oncopeltus, wg expression is comparable to
that in the thoracic and labial segments only at the distal
tips, while proximal appendicular areas and the ventral body
show comparatively lower levels of accumulation. This is
most pronounced in the maxillary segment, where expres-
sion drops to undetectable levels in the proximal appendage
buds and appears to be absent from the body in this
segment. These unique details of Of_wg expression may be
associated with the subtle differences in morphology
between the mandibular and maxillary stylets. Interestingly,mbryo appears throughout the embryo. It is most intense at the posterior site
segmental stripes. (E) Of_wg expression in a 72 h embryo extends into the
gions of the abdominal segments. (F) Close-up of a 72 h embryo stained for
dages. (G) Staining in an approximately 96 h embryo. Abbreviations: Oc,
ry segment; Lb, labial segment; T1–3, thoracic segments 1–3; A1–11,
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appendage bud, but the significance of this detail is unclear.
wg RNAi causes defects in body segmentation and eye
development
Zygotic RNAi of Oncopeltus wg produced defects in
dorsal segmentation and eye development, but unlike en
RNAi, no discernible effect was seen in the appendages.
Affected individuals failed to hatch and showed varying
degrees of fusion in the abdominal tergites (Figs. 6A–C).
Dorsal tissue was also striated in more mildly affected
individuals (Fig. 6A), suggesting that dorsal closure also
requires Wg activity. In severely affect individuals, abdomi-
nal tergites cannot be distinguished (Fig. 6C). However, the
size of the abdomen is not reduced, in contrast to severe en
phenotypic classes. The eyes of wg-depleted individuals areFig. 6. wg and pan RNAi. (A) A dorsal view of a mildly affected Oncopeltus emb
(arrowhead). Dorsal tissue is also striated, suggesting abnormalities in dorsal closur
of the eyes is reduced. Segment boundaries in this individual are poorly delineate
affected individual, in which the eyes are almost completely lost. Abdominal bod
antennae (D) and legs (E) appear to be morphologically normal. (F) Dorsal view
showing that the body is truncated after the T2 segment. (H) Antenna, (I) labium
indistinguishable from those of wild type embryos just prior to hatching. (K) T2 le
sides. (L) The body is reduced overall in a moderate class II pan-depleted embryo
(N) A severely affected class III embryo consists of only a head with identifiable e
anterior shows that the eyes field extend dorsally and fuse in these embryos.also much smaller than in the wild type. Despite these
phenotypic defects, wg RNAi did not produce abnormalities
in the appendages. Specific podomeres were clearly
distinguishable along the PD axis, and no other defects
could be found (Figs. 6D–E).
pan RNAi causes truncation of the germband
Because of the relatively mild phenotypes seen in wg
RNAi, we also tested the role of Wnt signaling in
Oncopeltus through analysis of the pangolin (pan) ortho-
logue. pan and its orthologues in vertebrates encode a TCF
family transcriptional activator (Brunner et al., 1997). To
activate transcription, Pan must form a complex with the
DNA-binding protein Armadillo (Arm), which accumulates
in the nucleus as a result of Wg signal reception at the cell
surface (reviewed by Bejsovec, 2005). Canonical Wgryo depleted for wg. Abdominal tergites are poorly distinguished in places
e. (B) A dorsal view of a more strongly affected embryo. Notice that the size
d, and abdominal tergites appear to be fused. (C) Lateral view of a severely
y segments also lack distinct boundaries and have begun to fuse. However,
of a class I pan-depleted embryo. (G) Lateral view of the same embryo,
, and (J) T1 leg of a class I pan-depleted embryo. These appendages are
gs of a class I pan-depleted embryo, which have fused along their posterior
. (M) However, antennae remain properly patterned in this phenotypic class.
yes and properly patterned antennae. (O) A similar embryo viewed from the
Fig. 7. pan RNAi disrupts nuclear localization of Arm protein in the posterior compartment of leg buds. All limbs are shown from a ventral aspect with distal to
the right and anterior at the top. Arm antibodies are marked with FITC (green), and DNA is marked with TOTO-3 (red) as a counter-stain. Insets show a close-
up of cells from the anterior (above) and posterior (below) sides of the limb. (A) Wild type (A) antennal and (B) leg buds at 62 h. (C) Antennal limb bud of a
120 h pan-depleted embryo in which nuclear localization of Arm appears throughout the appendage. (D) Leg bud of a similar pan-depleted embryo, showing
that nuclear Arm localization is mostly absent from the posterior compartment.
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assemblage of organisms, and it is possible that other Wnt
ligands may also require Pan activity.
In Oncopeltus, pan is expressed ubiquitously in the
blastoderm and germband (not shown). Embryos produced
through pan RNAi show a severe truncation of the
germband. This phenotype is highly penetrant, with no wild
type escapers obtained through maternal injections. We have
grouped the range of phenotypic severity into three classes
(Table 1). Class I contains the most mildly affected
embryos. However, these are still characterized by the
dramatic truncation of the embryo posterior of the second
thoracic segment (Figs. 6F–G). The remaining body seg-
ments and structures appear fairly normal. Most interest-
ingly, the appendages on these remaining segments are
properly jointed and include distinct and appropriate
podomeres. The antennae, mandibular and maxillary stylets,
labium, and T1 legs appear normal (Figs. 6H–J). The T2
legs are fused medially at the posterior end of the embryo
(Figs. 6F–G). These are the posterior-most structures of the
embryo, and it appears that the legs are fused such that their
posterior parasegmental compartments adjoin (Fig. 6K).
In more strongly affected class II embryos, the size of the
body becomes reduced (Fig. 6L), and much of the egg yolk
remains unincorporated by the embryo. However, the
appendages remain properly patterned, although smaller,
in proportion to the embryo (Fig. 6M). Class III embryos
were the most severely affected by pan RNAi. They
occupied a very small volume of the egg. In theseindividuals, segmentation of the body was not discernible,
and embryos lacked obvious thoracic and abdominal
structures (Fig. 6N). In these embryos, the eyes become
fused medially across the dorsum of the head (Fig. 6O). In
Drosophila, loss of the Wg signaling activity also produces
ectopic omatidia in the dorsal head (Baonza and Freeman,
2002), and expression studies in Schistocerca have also
suggested a conserved role for Wg signaling in the eyes of
more basal insects (Dong and Friedrich, 2005). Signifi-
cantly, even severe pan-depleted embryos bear antennae. In
some individuals, they are fused medially at the anterior
(Fig. 6O) but consist of four distinct podomeres (Fig. 6N).
Nuclear location of Arm protein is disrupted by pan RNAi
Because RNAi does not necessarily produce a null state,
we wished to assess the degree to which Wnt signaling was
disrupted. Wnt signaling leads to the nuclear accumulation
of Armadillo (Arm) protein, which interacts with Pan to
activate transcription of target genes, and this system is
conserved in Drosophila as well as vertebrates (Bejsovec,
2005). Therefore, we made use of a broadly cross-reactive
monoclonal Arm antibody (Riggleman et al., 1990) to
compare the patterns of cells in which Wnt signaling was
activated in the limb buds of Oncopeltus wild type and
RNAi depletion embryos. This was done in a pan-depleted
background since this yielded a more consistently strong
phenotype, and depleted embryos could be obtained en
mass from parental dsRNA injection.
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First, based on the fact that Pan is known to act downstream
of Arm, it might be predicted that no change in Arm
localization would be caused by pan RNAi. However,
maintenance of wg expression is dependent on autoregula-
tion and feedback from signaling components in Drosophila
(Hooper, 1994; Manoukian et al., 1995; Yoffe et al., 1995).
Therefore, a second possibility is that pan RNAi would
prevent the nuclear location of Arm as a result of the failure
of wg autoregulatory maintenance.
In the leg buds of 62 h wild type embryos, Arm protein
accumulates in the cytoplasm and nuclei of cells along the
PD axis predominantly in the ventral posterior region (Fig.
7B). Nuclear localization was also seen in cells at the distal
tip. This pattern of Arm nuclear localization is disrupted in
embryos depleted for pan. Embryos used in this experiment
fell into phenotypic class II, the group of moderately
affected embryos in which the embryo was reduced but
still produced thoracic body segments and legs. The leg
buds of pan-depleted embryos did not show nuclear
localization in the posterior compartment of the limb (Fig.
7D). Localization did persist somewhat at the distal tip of
the legs.
Surprisingly, Arm is localized to nuclei of cells through-
out the wild type antenna buds (Fig. 7A) in both compart-
ments, although the intensity of nuclear staining in the
anterior appears slightly weaker. This pattern remains
unaffected by pan RNAi (Fig. 7C). This may suggest a
fundamentally different function for Wnt signaling in the
antennae as compared to the legs.Fig. 8. Expression of appendage-patterning genes in pan-depleted embryos is not d
depleted embryo. Expression is seen in the distal regions of the antennae and legs.
appendages. (AV, BV) Outlines of the embryos and appendages allowing easier vi
dorsal is up. The mouthparts are obscured by the antennae and legs.Expression of the appendage-patterning genes Distal-less
and dachshund is not disrupted by Of_pan RNAi
We have shown that in Oncopeltus Arm is not properly
localized to nuclei in the limbs of pan-depleted embryos,
indicating that Wnt signaling is being disrupted. However,
appendage development is not affected by pan RNAi.
Therefore, we also examined the expression of appendage-
patterning genes, which are expressed at specific levels along
the PD axis. InOncopeltus andDrosophila, the expression of
Distal-less (Dll) and dachshund (dac) appears in distal and
medial limb podomeres, where they are required for growth
and differentiation of those structures (Angelini and Kauf-
man, 2004). Dll and dac are positively regulated by Wg and
Dpp signaling in the distal and medial regions, respectively,
of the Drosophila imaginal leg discs (Abu-Shaar and Mann,
1998), and the topology model has predicted that this
regulation would be conserved in other species.
Dll and dac expression was determined in a pan RNAi
background through in situ hybridization. At early stages,
pan-depleted embryos appear severely deformed, however
appendages are readily identifiable. In embryos depleted for
pan activity, Dll was expressed at the distal region of the
antennae and in the telopodite of the legs (Fig. 8A). dac
expression appeared in medial regions of appendages in
pan-depleted embryos (Fig. 8B). These results suggest that
normal levels of Wnt signaling are not required for
activation of these genes along the PD axis of the
appendages in Oncopeltus. These data are also consistent
with phenotypic effects of pan and wg RNAi in Oncopeltus.ifferent from wild type. (A) Dll expression in a 120 h moderate class II pan-
(B) dac expression in a similar embryo appears in the medial regions of the
sualization. These panels follow the usual convention: anterior is left, and
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Invagination and development of the germband
Oncopeltus is an intermediate-germband insect, in which
three gnathal and three thoracic segments (mandibular
through third thoracic) are patterned on the embryonic
blastoderm, while the remaining body segments are added
later anteriorly as well as posteriorly from the growth zone
at the posterior of the germband (Butt, 1949; Liu and
Kaufman, 2004a). The cells on the blastoderm at the site of
germband invagination are similar to those of the growth
zone, in that they continuously function in the production of
new more posterior body segments until the proper number
is reached and the growth zone ends its production of new
segments. Both dpp and wg are strongly expressed on the
Oncopeltus blastoderm at the site of germband invagination
(Figs. 2A, 4B). In dpp RNAi, blastoderm cells condense at
the posterior but are unable to form a germband through
invagination of those cells (Figs. 3B–C).
In contrast, blastoderm cells invaginate and produce a
germband in embryos for which Wnt signaling has been
perturbed through pan RNAi. However, these embryos fail
to properly add body segments from the growth zone. In
particular, segments posterior of T2 seem to have an
elevated requirement of normal levels of pan activity.
(Presumably, this also indicates an elevated requirement
for Wnt signaling function, although the Wnt ligand in
question is not likely to be Wg since wg-depleted embryos
develop with their posterior abdominal segments intact.) All
segments posterior of T2 are deleted in even the mildest
pan-depleted embryos scored (Fig. 6G). More anterior
segments also have an apparent requirement for Wnt
signaling, which can be seen in more strongly affected
pan RNAi embryos. The most severe pan RNAi phenotypes
retained the ocular, antennal, and at least one more posterior
appendage-bearing segment (Fig. 6N). Therefore, these
three anterior segments seem to have a lower requirement
for Wnt signaling activity, if indeed any.
An intriguing possible explanation for these differences
comes from a consideration of the origins of these segments.
Segments derived from the growth zone, A1–A11, are
among those with the highest requirement for Wnt signal-
ing. Segments derived from the blastoderm fate map are
generally more robust, despite Wnt signaling perturbation.
The exception is the third thoracic segment, which is
specified on the blastoderm, but also deleted in mild pan
RNAi. However, cells that are part of this segment on the
blastoderm will contribute to both T3 and the growth zone.
Therefore, before germband invagination, the most posterior
segment is not T3, but the precursor all segments posterior
of T2. In this case, the elevated requirement for Wnt
signaling activity may be common to all cells derived from
this posterior region of the blastoderm. Interestingly, the
truncation of the germband observed from pan RNAi in
Oncopeltus is very similar to that described for arm RNAiin the cricket G. bimaculatus (Miyawaki et al., 2004).
Gryllus and Oncopeltus share a similar blastoderm fate
map, and arm-depleted Gryllus embryos are also truncated
posterior of T2. Therefore, it seems likely that the role for
Wnt signaling in the development of the germband is
conserved among hemimetabolous insects.
Establishment of the limb PD axis in basal insects
In Drosophila, establishment of the appendage primordia
and the limb PD axis requires Wg and Dpp pathway activity
(Cohen et al., 1993; Gelbart, 1989). These ligands are
transcribed in stripes along the anterior side of the disc AP
compartment boundary, in ventral and dorsal territories,
respectively. The ligands are thought to co-occur in the
center of the disc, diminishing in a gradient more
proximally. In this manner, cooperative activation and
repression of target genes by Wg and Dpp signaling are
responsible for the establishment and maintenance of the
limb PD axis (Abu-Shaar and Mann, 1998; Theisen et al.,
1996). This has been demonstrated by experiments showing
that ectopic expression or loss of Wg or Dpp signaling
components in the antennae or legs can produce mirror-
image duplication of structures along the dorsal–ventral
(DV) axis or bifurcation of the appendage in the DV plane
(Jiang and Struhl, 1996; Johnston and Schubiger, 1996;
Theisen et al., 1996).
However, studies of wg and dpp orthologues in more
basal insect species have shown that, while wg expression is
conserved, in a ventral stripe along the PD limb axis, dpp
expression never appears in a PD stripe. Instead, as we have
shown for Oncopeltus dpp, orthologues in basal insects are
expressed broadly at early stages, narrow to a small distal
region or ring near the distal tip and then elaborate into a
more complex pattern of rings. These findings cast doubt on
the universality of the mechanism of limb PD axis
specification as known from Drosophila and suggest that
the Drosophila mechanism is a derived state related to the
development of the limbs from imaginal discs (Jockusch et
al., 2000).
Alternatively, a model has recently been proposed which
would explain the data from basal insects in the context of
the Drosophila limb PD axis specification mechanism,
using an argument of topology (Prpic et al., 2003). The
topology model is based on several assumptions with
testable hypotheses. First, its main assumption is that wg
and dpp expression in basal insects is functionally
homologous to that of Drosophila. This predicts that
disruption of Wg or Dpp signaling in a primitive insect
should produce appendage defects similar to defects found
in Drosophila. Second, concurrent Wg and Dpp signaling
activates and inhibits the same targets as in Drosophila.
This predicts that reduction of Wg or Dpp signaling in a
basal insect should also reduce the expression of distal
domain genes, such as Dll. In this study, we have tested
these hypotheses through RNA interference of Wg signaling
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which appendages develop from embryonic limb buds, and
wg and dpp are expressed in the basal patterns.
Depletion of both wg and pan failed to produce defects
in any of the appendages of Oncopeltus (Figs. 6A–O). In
contrast, these embryos show severe defects in the eyes and
dorsal ectoderm, tissues in which Wg signaling is also
required in Drosophila (e.g., Baonza and Freeman, 2002;
Ingham and Martinez-Arı´as, 1992). This combination of
results was surprising. Therefore, we examined the ortho-
logue of engrailed, another segment polarity gene with a
well-conserved expression pattern. Depletion of en resulted
in ectodermal defects similar to those seen in wg RNAi.
However, en RNAi also produced defects in the PD and AP
or DV axes of the appendages in Oncopeltus. These results
support the idea that en is conserved in its segment polarity
function between Oncopeltus and Drosophila and that
establishment of the parasegment boundary is important to
the proper development of the Oncopeltus appendages. It is
interesting to consider then that our data suggest that
specification of the parasegment boundary involves wg in
the segmental ectoderm, but not in the appendages. There-
fore, the first hypothesis of the topology model that
perturbation of Wg signaling should produce appendage
phenotypes similar to Drosophila is unsupported. Further-
more, in testing the second hypothesis of the topology
model, we have shown that Dll and dac are expressed in
wild type patterns in the appendage of pan-depleted
embryos. Thus, that aspect of the model is also unsupported
by the current results.
To confirm that Wnt signaling in the appendages is
actually disrupted in pan RNAi, we examined Arm nuclear
localization. In wild type embryos, cells in the posterior
compartment of the legs have a greater frequency of high
levels of nuclear Arm, while this pattern is disrupted in pan
RNAi. Therefore, pan RNAi disrupts the AP pattern of Arm
nuclear localization in the legs and presumably its ability to
act as a transcriptional activator of Wnt signaling.
In summary, hypotheses arising from the topology model
are not confirmed by tests in Oncopeltus. Therefore, the
model cannot be accepted in its current form, and we must
reconsider some of its assumptions. Our data have addressed
the role of Wnt signaling in appendage development;
however, we were not able to directly assess a role for
Dpp in this process. Thus, it is possible that Dpp signaling
does function in appendage development as predicted by the
topology model. However, it must do so, either alone or in
cooperation with a signaling pathway that does not include
Pan and Arm. Unfortunately, the topology model does not
explain how dpp expression becomes specified into the
distal ring domain. It would seem such expression requires
that PD information has already been established. Moreover,
the bifurcation of the PD axis produced through en RNAi
suggests that as in Drosophila the establishment of the AP
axis must be a prerequisite to the proper regulation of genes
specifying the PD axis.The evolution of appendage patterning in insects
Our RNAi data for Wg signaling components in
Oncopeltus are similar to phenotypes described for the
germband of the cricket Gryllus (Miyawaki et al., 2004).
Oncopeltus and Gryllus represent very distant hemimetab-
olous clades, therefore these results suggest that Wnt
signaling functions described in Oncopeltus and Gryllus
may represent the ancestral insect state. By extension, this
implies that the role of wg in specification of the limb PD
axis in Drosophila is a derived state.
Interestingly, a slightly different role for wg and dpp has
been described in the appendages of Tribolium (Jockusch
and Ober, 2004; Jockusch and Ober, in preparation).
Tribolium is a holometabolous species in which larval
antennae, legs, and mouthparts develop directly from
embryonic limb buds, as in basal insects. RNA interference
of wg in Tribolium causes a complete deletion of all
appendages, except for the antennae, which are unaffected.
Deletion of the appendages suggests a role for Wg signaling
in specification of the appendage primordia, as in Droso-
phila, but unlike Oncopeltus. Additionally, Tribolium dpp is
expressed in rings as in basal insects, but as in Oncopeltus
dpp RNAi did not produce discernable appendage defects,
although DV patterning of the germband was affected.
Therefore, Tribolium appears to represent a third state, in
which wg function is required in most but not all of the
appendage types. This is intriguing since Arm localization
in the antennae of Oncopeltus was unlike that in the legs,
and it may be that patterning in the antennae of Oncopeltus
and Tribolium (and perhaps basal insects in general)
employs mechanisms distinct from other appendage types.
This suggests that in the lineage leading to Drosophila the
antennae were brought under the same regulatory mecha-
nisms seen in other appendages (or vice versa).
It is noteworthy that, with the evolution of imaginal
discs, the expression and developmental function of more
downstream regulatory genes in the pathway have been well
conserved. Regulatory genes such as Dll, dac, and hth,
which specify the fates of specific PD domains, function
similarly in the legs of all insects examined. The evolution
of genes at this level seems to have been related more to
specific morphologies, such as the extreme modification
seen in mouthparts (Abzhanov et al., 2001; Angelini and
Kaufman, 2004). The evolutionary transition from limb
patterning in three-dimensional limb buds to two-dimen-
sional imaginal discs can be considered as a topological
issue. Therefore, it seems reasonable to assume that the
underlying developmental genetic modification concurrent
with this transition may have occurred in genes controlling
specification of the limb axes.
If the PD axis is specified as a result of the AP and DV
limb axes, as suggested by our en RNAi results, then PD
domain genes are likely to be activated by a combination of
genes expressed in separate AP or DV territories. Unfortu-
nately, such genes remain to be identified and functionally
D.R. Angelini, T.C. Kaufman / Developmental Biology 283 (2005) 409–423422tested in basal insects. One possible route of investigation
would be to identify activating transcription factors at
conserved binding sites in the cis-regulatory regions of early
PD domain genes, such as Dll. However, resolution of these
issues must await future genomic and functional studies in
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